In the current study we describe the changes of overall organization of lens fiber cells in connexin 46 (Cx46) and connexin 50 (Cx50) knockout mice. Morphometric analyses and the application of immunocytochemical techniques revealed that in Cx46 knockout lens (Cx46 -/-), where Cx50 is expressed alone, the post-natal differentiation of secondary fiber cells proceeds faster and is characterized by an increased number of smaller fiber cells. Conversely, in Cx50 knockout mice (Cx50 -/-), the lenticular mass is considerably reduced and characterized by a small number of fiber cells added during the post-natal period. The process of terminal differentiation was impaired and generated larger fiber cells still possessing cytoplasmic organelles. Freeze-fracture and fracture labeling revealed that the junctional assembly, packing organization and topographic interactions between connexons and MP26 differed when Cx46 and Cx50 were coassembled in the wild-type or expressed separately in the two distinct knockout phenotypes. Filipin cytochemistry provided indirect evidence that Cx46 and Cx50 expressed alone are recruited into different lipid environments. Our results represent the structural proof that interaction of connexins and MP26, contributes to the overall organization of the fiber cells.
INTRODUCTION
with increased Ca+2 influx-rate and a reduced outflow (Baruch et al., 2001; Gao et al., 2004) . The targeted ablation of the Cx50 gene induced microphthalmia and a zonular pulverulent cataract (White et al., 1998) . The reduction of the lenticular mass in Cx50 -/-lenses was correlated with the diminished number of fiber cells (White, 2002) . The genetic, biochemical and electrophysiological features of the abnormal phenotypes resulting from the knockout of either Cx46 or Cx50 have been already characterized (Baldo et al., 2001; Gao et al., 2004; Gong et al., 1997 ; Gong et al., 1998 ; Martinez-Wittinghan et al., 2003; Rong et al., 2002 ; White et al., 1998; White, 2002) . However, comprehensive ultrastructural, immunocytochemical and morphometric analysis of lens abnormalities, resulting from knockout of Cx46 and Cx50 genes, was only preliminarily addressed (Gong et al., 1997; Rong et al., 2002 , White et al., 1998 . To fill this gap we have chosen the most straightforward experimental conditions, namely the targeted disruption of one or the other lens fiber connexins. One aim of the present study is to extend our investigation on the overall structural organization of the fiber cells throughout the lens mass in the two knockout phenotypes in comparison with the wild-type. Another issue is the characterization of the structural and immunocytochemical organization of gap junctions in different communication compartments and to correlate these features with the electrophysiological analysis carried out previously by Gong et al., (1998) and Baldo et al., (2001) . Among other approaches we applied the fracture-labeling technique (FL) because this method enables high-resolution immunocytochemical analysis of the bi-dimensional topographic distribution and packing organization of connexins. In addition, FL enables the study of the topographic interactions between connexins and other constituents (ZO-1 and MP26) that may assist junctional assembly (Dunia et al., 1998; Dunia et al., 2001; Fujimoto et al., 1997; Nielsen et al., 2003) . This issue is of particular relevance because previous investigations in wild-type mouse lenses have demonstrated that MP26 may assist the junctional assembly comprising Cx46 and Cx50 (Dunia et al., 1987 (Dunia et al., , 1998 (Dunia et al., , 2001 . Furthermore, experimental evidence has been provided that interaction between MP26 and the fiber cell connexins plays a pivotal role in the overall organization of fiber cells and junctional domain distribution during differentiation and aging of the lens (Al-Ghoul et al., 2003; Shen-Lin et al., 1998; Shiels et al., 2000; Yu and Jiang, 2004; Yu et al., 2005) . Hence, the Cx46 and Cx50 knockout phenotypes offer a suitable condition for the study of the topographic interaction of MP26 with one or another fiber cell connexin and the consequences of this specific association on the overall structural organization of the lens fiber cells. Our observations demonstrate that post-mitotic terminal differentiation in Cx46 -/-lens, proceeds faster and generates an increased number of smaller fiber cells. Conversely, postnatal fiber differentiation in Cx50 -/-lens, is hindered and produces a reduced number of larger, non hexagonally-shaped cells characterized by an abortive degradation of cellular organelles. Furthermore, the targeted ablation of either Cx46 or Cx50 is followed by a different packing arrangement of connexons and by changes in the topographic interactions of connexins with MP26 and their close lipid environment.
MATERIALS AND METHODS
Homozygous mice lacking Cx46 (Cx46 -/-) and Cx50 (Cx50 -/-) Generation of Cx46 and Cx50 knockout mice have been described previously (Gong et al., 1997; Rong et al., 2002) . The knockout mice used in this study had been maintained for more than 15 generations in the C57BLx129Sv mixed strain background characterized by the high incidence of the cataractous phenotype. Wild-type, heterozygous knockout and homozygous knockout mice were generated from intercross of heterozygous knockout mice. The lenses were isolated from these mice for the different experiments. The data were obtained from the examination of at least 10 mutants of different knockout mice at ages between 3 and 8 weeks. Mouse breeding and experimental procedures were based on animal protocol approved by Animal Care And Use Committee.
Lens samples
Eye lenses were physically dissected to obtain DF regions (around 40 % of total lens weight, at the periphery) and MF, NF regions (the remaining 60 %). The samples from different lens regions were rapidly fixed or processed without fixation, immediately after dissection. For cryosectioning, fixation was performed in cold methanol (-20 °C) for 30 min., or in 3% (v/v) paraformaldehyde in 0.2 M phosphate buffer, pH 7.4, for 12 h at 4°C. Fixed pieces of 3-5 mm were impregnated in 2.3 M sucrose-phosphate buffer overnight, deposed onto specimen holders (Leica Microsystèmes S.A., Rueil, France) rapidly frozen and stored in liquid nitrogen. Cryo-sections of 1-2 µm were made at -85°C with the Leica Ultracut UCT equipped with a Leica EM FCS cryoattachment (Leica Microsystèmes S.A., Rueil, France).
Immunofluorescence Confocal Laser Scanning Microscopy
Immunofluorescence Confocal Laser Scanning Microscopy was performed on cryosections of 1-2 µm, as described in Dunia et al.,(1998) .
Antibodies used
1) An affinity-purified rabbit polyclonal antibody that recognizes the native form of the major intrinsic membrane protein of the lens fibers, MP26 (Hertzberg et al., 1982) , at 1:300. 2) A rabbit anti-MP26 antiserum produced against chloroform-methanol-isolated MP26 that recognizes the native protein and its proteolytic derivatives at 1:200 and 1:2,000 for immunoblots (Dunia et al., 1987) . 3) Affinity-purified polyclonal antibodies directed against a synthetic peptide corresponding to a3 Cx46 amino acids 111 -125 (Cx46J peptide) (Gong et al., 1997 ; cf. Milks et al., 1988) at 1:200 and 1:2,000 for immunoblots. 4) A rabbit anti-Cx50 antiserum produced against a synthetic peptide corresponding to Cx50 amino acids 124 -136 (White et al., 1992) at 1:200 and 1:2,000 for immunoblots, 5) The 6-4-B2-C6, anti-MP70 monoclonal antibody, recognizing only the native Cx50 protein (Kistler et al., 1990) , at 1:10 . 6) Detection of endoplasmic reticulum remnants and nuclear envelopes by immunofluorescence was achieved with anti-KDEL monoclonal antibody at 1:200 (Stressgen Biotechnologies, Canada) and anti-lamin A/C specific antibodies (Buendia and Courvalin, 1997) . Secondary antibodies for immunofluorescence were affinity-purified rhodamine-labeled (TRITC) donkey antibodies directed against rabbit immunoglobulins and fluorescein-labeled (FITC) goat antibodies directed against mouse immunoglobulins (Jackson Laboratories). For immunogold labeling we used Protein A conjugated to 10 or 15 nm gold particles (Cell Biology Department, University of Utrecht, The Netherlands).
SDS-PAGE and Immunoblotting
DF and MF-NF membrane fractions were processed for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as described elsewhere (Dunia et al., 1998) . Briefly, cortical and nuclear lens regions separated by dissection and pooled from several lenses were homogenized in 40 mM KCl, 2 mM MgCl 2 and 50 mM Tris-HCl, pH 7.5 (TKM buffer), containing 2 mM phenylmethylsulfonyl fluoride at 4 °C. Following two washes in TKM buffer, the membrane fractions obtained by centrifugation at 3,000 g for 10 minutes were subsequently treated with 4 M urea for 15 minutes. The urea-insoluble pellets were collected by centrifugation at 50,000 g for 20 minutes and processed for 1à and 13 % SDS-PAGE. Proteins separated by SDS-PAGE were transferred onto nitrocellulose paper and incubated with the primary antibodies as described elsewhere (Dunia et al., 1998) . Horseradish peroxidase-labeled goat anti-rabbit IgG was used as secondary antibody (Promega, Madison, WI/USA) Enhanced detection by chemiluminescence was performed using an ECL kit (Amersham International, Buckinghamshire/England).
Electron Microscopy
For thin sections, lens samples were processed as described previously (Dunia et al.,1998) . For freeze-fracture (FF) and fracture-labeling (FL) the samples were rapidly frozen in liquid propane, replicated and immunogold labeled as described by Dunia et al., (2001) . For filipin cytochemistry DF and MF-NF lens regions were processed according to the method developed by Orci et al., (1981) . Briefly, small fragments of the glutaraldehyde-fixed samples were incubated overnight, in the dark, at room temperature, in a solution containing 0.2 mg/ml of filipin in 0.1 M cacodylate buffer (pH 7.4). Subsequently, samples were washed in cacodylate buffer and soaked in 30 % glycerol in the same buffer before freeze-fracture experiments. Thin sections and replicas were examined with a Philips CM12 and a TECNAI 12 (FEI, France) electron microscope operating at 80 kV. Images were recorded on photographic plates. All measurements of the packing arrangement of IMP and Fourier transforms of selected areas of the lattice organization, were done with the ImageJ software (Rasband, W.S., ImageJ, U. S. National Institute of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij /, 1997-2006) .
Morphometric analysis and Modeling
We modeled and calculated fiber cell dimensions and number of fibers within lens regions. The dedicated program was written under the C-interpreter of Visilog 4.1.1 (Noesis, France), installed on an Indigo 4000 entry work station (Silicon Graphics, USA). Fiber cells were modeled accounting their topologies as described elsewhere (Kuszak and Costello, 2002 ; Kuszak et al., 2004) . The lens is asymmetric and constituted by two ellipsoidal halves. The longest peripheral fibers link sutures that design a "Y" on frontal and backside poles of the lens. In Figure 1 , these anterior and posterior suture lines are outlined in white and red colors, respectively. Their dimensions are defined by two cones, centered at the lens center, whose angles are 45° and 30°, respectively. We considered 11 superficial lines calculated as the intersection between the circles corresponding to the boundaries of the respective series of frontal cross sections and two parables insuring their insertion within the two sutures (Figures 1A and IB) . To measure the geometrical characteristics of the fibers, we delineated automatically the cross sections from a DF wild type thin section image (Figures  2A -2D) . The main and transversal axes of the binary mask axes for each cross section were determined by measuring their Feret diameters (Coster and Cherman 1985) and calculated as functions of their area and eccentricity. Mask area and eccentricity were directly determined using the second order moments and mask orientation was calculated using the inertia matrix (Belaid and Belaid, 1992 ; Jahne, 1993) . To measure Feret diameters of each binary mask, the masks were rotated within the image plane around their center of mass. The two perpendicular major and minor axes of the mask equivalent ellipse are outlined on Figure 2D , by green double arrows. The vertical Feret diameters (V) and (H) are more significant for the shape of the cross sections of the fibers because of the arc that they draw in the image plan. To calculate the number of fibers (N) within a lens stratum (where the cell population is more homogeneous) we take into account the thickness of the stratum and the hexagonal fiber shape, The number of fibers N is given by the following equation:
' R 1 and R 2 are the internal and external equatorial radius of the section of the stratum, T the tangential fiber length, r the radial fiber length, and n the rank of fiber cell layer within the stratum. T and r were deduced from the values of V and H calculated before as a function of the hexagonal fiber shape.
Three-dimensional cell shape factor
Modeling the structure of the longest superficial fibers, linking the anterior and posterior suture lines, we calculated: 1) The tangential profile of a fiber assimilated to an ellipse, whose major axis equals the fiber length and minor axis equals the value of T.
2) The fiber thickness (r). Measuring the surface/volume ratio was used as a means to quantify the fiber form (White et al., 1998) . However, this ratio varies mainly according to the inverse of the radius of the fiber-equivalent sphere. Alternatively, we calculate a threedimensional cell shape factor (R), presenting higher robustness: R = S 3 /26πV 2 S is the fiber area and V the fiber volume. This three-dimensional cell shape factor is a value without dimension that equals 1 for a sphere (whatever size it may have), and increases as the shape becomes different from a sphere, either due to deformation or to the increase of surface complexity (a similar factor is described in planar morphometry, Belaid and Belaid, 1992 ) . We calculated this factor for fibers located within the 150 µm-width superficial lens layers. Measurements were performed on sections made on a frontal equatorial plane, for the three types of mice.
Chemicals
Unless otherwise indicated, all chemicals used for this work were purchased from Sigma Chemicals Co. (St Louis Mo/USA). Figure 3 shows the immunoblot experiments of DF and MF-NF membrane fractions of wildtype, Cx46 -/-and Cx50 -/-lenses. DF membrane fraction of wild-type ( Figure 3A , lane 1) shows prominent bands around 66 kD and 38kD. DF membrane fraction of Cx46 -/-lens ( Figure 3A , lane 3) is characterized by a weaker band around 66 kD (compared to that of the DF membrane fraction of wild-type), a prominent band around 38 kD and minor bands of lower molecular weight, recognized by the anti-Cx50 polyclonal antibody. The MF-NF pattern of wild-type lens ( Figure 3A , lane 2), is characterized by a weaker band around 66 kD and a major band around 38 kD. The MF-NF membrane fraction of Cx46 -/-lens ( Figure 3A , lane 4), shows that the band around 66 kD is absent, whereas several bands of lower molecular weight, ranging from 30 -21 kD are present corresponding to degraded forms of Cx50-polypeptides, recognized by the anti-Cx50 polyclonal antibody. Figure 3B shows immunoblot patterns of DF and MF-NF membrane fractions of wild-type and Cx50 -/-lenses, using anti-Cx46J peptide antibody. The protein patterns recognized by this antibody in DF membrane fraction of wild-type lens ( Figure 3B , lane 1) is characterized by the presence of a broad band around 55 kD and several bands of lower molecular weight. In DF of Cx50 -/-lens, ( Figure 3B , lane 3) the broad band around 55 kD is also present., but the lower molecular weight bands are more prominent than in the wild-type DF membrane fraction.
RESULTS

SDS-PAGE and Immunoblotting
In wild-type lens , the protein pattern of MF-NF membrane fraction ( Figure 3B, lane 2) shows a weaker band around 55 kD in comparison to its DF membrane fraction, and a major band with a molecular weight of 38 kD. Comparison between wild-type MF-NF membrane fractions and those of the Cx50 -/-lens shows that the 55 kD band detected in Cx50 -/-lens ( Figure 3B, lane 4) , is weaker. Conversely, a major band around 38 kD and several bands of lower molecular weight characterize this fraction. Figure 3C depicts immunoblotting experiments of DF and MF-NF membrane fractions of Cx46 -/-and Cx50 -/-lenses, using the anti-MP26 antibody which recognizes the native and degraded forms of this polypeptide. DF membrane fraction of Cx46 -/-lens ( Figure 3C , lane 1) and DF membrane fraction of Cx50 -/-lens ( Figure 3C, lane 3) show almost the same pattern characterized by a heavily stained band around 26 kD. The MF-NF membrane fractions of Cx46 -/-and Cx50 -/-lenses ( Figure 3C , lanes 2 and 4), respectively show a prominent degradation of MP26 in the Cx46 -/-MF-NF fraction (lane 2) as compared to the weaker band in the MF-NF of Cx50 -/-lens (lane 4). Figure 1D , shows the immunoblot patterns of DF ( Figure 3D , lane 1) and MF-NF ( Figure  3D , lane 2) membrane fractions of wild-type lens using the same anti-MP26 antibody. In DF (lane 1) a prominent band around 26 kD is present. In MF-NF membrane fraction (lane 2) the pattern is characterized by the presence of a lower molecular weight band (around 22 kD) corresponding to a proteolytic fragment of MP26.
Morphometry
Fibers within 150 µm-width superficial layers
The equatorial diameters of the lens were measured and the half axes of the ellipsoid deduced from the homologous values described elsewhere (Kuszak and Costello, 2002 ; Kuszak et al., 2004) . The Cx46-/-lens diameter is equivalent to that of the wild-type. Conversely, in 3 weeks-old Cx50 -/-mice, the lens diameter is reduced about 9 %. In view of the progressive fiber lengthening during development, only their putative maximal length was modeled. These fibers link the two opposites septa located at the lens poles. Their lengths range between 2.52-2.34 mm in wild-type and Cx46 -/-, and between 2.30-2.15 mm in Cx50 -/-lens ( Table 1) .
Fiber cell cross section:
Using anti-MP26 antibodies and/or rhodamine-labeled wheat-germ agglutinin (WGA), we delineated the honeycomb arrangement of DF cell membranes and measured the differences in size of the 3 mouse types ( Figures 4A-4C ). Measurements were done near the lens equatorial zone. The areas of cross sections were calculated either taking into account their hexagonal approximation or measured directly ( Table 2A) . The calculated values are 40.47 + 9.63 µm 2 for the wild-type, 30.19 + 9.90 µm 2 for Cx46-/-and 106.83 + 12.96 µm 2 for Cx50 -/-mouse lens. These areas are of the same order of magnitude as the direct measurements giving support to the hexagonal approximation proposed in the adopted model (Table 2A) . These determinations show that in the superficial lens layers (150 µm-width), the fibers of Cx50 -/-lens have the largest cross section areas, whereas those of the Cx46 -/-lens have the smallest.
Three-dimensional cell shape factor (R) within the 150 µm-width superficial layers:
The values for wild-type, Cx46 -/-and Cx50 -/-fiber cells are 312.78 (≈313), 385.92 (≈386) and 123.18 (≈123), respectively. Thus, classifying the fibers according to their maximum stretching (i.e. elongation), the order is: Cx46 -/-, wild-type, Cx50 -/-, the Cx46 -/-fiber cells being the more elongated.
Fiber cell number:
The total number of fiber cells on the superficial layers (150 µm-width), ranges between 21-25 x 10 3 cells (mean 23 x10 3 ) in the wild-type (taken as 100 %). In Cx46 -/-lens this number range is 26 -38 x 10 3 cells (mean 32 x10 3 ), representing an increase of 39 %. Conversely, in Cx50 -/-lens the total number of fibers is reduced to about 7,5 -8,6 x 10 3 cells (mean 8,05 x 10 3 ), a decrease of 65 % (Table 2B) .
Cell wall partition:
We calculated the portion of the fiber cell perimeter corresponding to radial and tangential walls for each fiber of the superficial layers (150 µm-width) and the sum of walls of all fibers composing these superficial layers. In Cx46 -/-lens, the perimeter of the tangential and radial membranes of each fiber decreases by 7 and 17 %, respectively compared to the wild-type ( Table 3 ). In the Cx50 -/-lens, the tangential membrane perimeter decreases by 17 %, whereas that of the radial membrane increases by 139 % ( Table 3 ). These data suggest that the main factor affected by the targeted disruption of Cx46 and of Cx50 is the radial dimension of each fiber cell. Correlatively, the total length of the radial perimeters corresponds to an increase of 20 % in Cx46 -/-lens and a decrease of 13 % in Cx50 -/-lens ( Table 3 ). The total length of the tangential perimeters increases of about 29 % in Cx46 -/-lens and decreases of 70 % in Cx50 -/-lens. There are 41 cell layers for the wild-type, 49 cell layers for Cx46 -/ and only 18 cell layers for Cx50 -/-lens. These values are correlated to the different number of fiber layers forming the (150 µm-width) superficial cell layers.
Morphological gradient along the lens radius:
The morphological parameters of the fiber cross-sections along the lens radius within DF, MF and NF strata are shown in Table 4 . The values of the minor and major axes measured for the DF regions are compatible with the values of Table 2 . We estimated the total number of fiber cells considering 3 concentric regions : external, medial and central. The morphological gradient of the fiber cells in the wild-type and Cx50 -/-mice lens was calculated (Table 4) . Conversely, for Cx46 -/-lens these calculations could not be carried out due to the presence of nuclear cataract. The central volume of the lens in wild-type and in Cx50 -/-contains fibers of homologous transversal sections. This region was considered as the image of the lens at birth (PO: post-natal day zero). (Table 5 ). Calculations of the probable diameters for wild-type and Cx50 -/-lens were deduced from growth curves of mouse lens (Bassnett, 1995 ; Bassnett and Mataic, 1997 ; Bassnett, 2002 ; Bassnett and Winzenburger, 2003 ; White et al., 1998) . Their diameter equals 670 µm and contains approximately 16 x 10 3 fiber cells. The fiber cells of Cx50 -/-and wild-type lens from the medial region are morphological intermediates between cells of the external and central region. The number of fibers added during post-natal growth in wild-type and Cx50 -/-lens is 80,000 and 35,000 cells, respectively, corresponding to a decrease of more than 56 % in the Cx50 -/-lens ( Table 5) . Taking into consideration the structural homology between the nuclear fiber region of these two lens types, the estimated total number of fiber cells is about 96,000 in the wild-type and about 51,000 in Cx50 -/-lens, corresponding to a decrease of about 47 %. The process of fiber cell differentiation in wild-ype, Cx46 -/-and Cx50 -/-mouse lenses The size and shape of the whole lens in Cx46 -/-mice do not diverge from those of the wild-type. Conversely, Cx50 -/-mouse lenses have a smaller size and are more round-shaped. In Figure 5A , the antero-posterior axis of Cx46 -/-corresponds to 850 µm, whereas the same axis for Cx50 -/-lens corresponds to 660 µm ( Figure 5B) . Furthermore, the bow region (depicted by DAPI nuclear staining) is extended 120 µm above and 170 µm below the equatorial axis in Cx46 -/-lens ( Figure 5A) . In Cx50 -/-lens, the bow nuclear array occupied a larger region, from 180 µm above to 240 µm below the equatorial axis ( Figure B) . In Cx46 -/-and wild-type lenses several steps of chromatin degradation have been found (Basnnett and Mataic,1997; DeMaria and Arruti, 2004) . In Cx46 -/-lens, the nuclear degradation becomes apparent in the superficial fiber cells of the bow zone. Conversely, in Cx50 -/-lens, the denucleation process occurs only in the most inner fiber cells. We restricted our immunocytochemical analyses of cryosections to two markers of the fiber cell differentiation: lamin A/C and KDEL, the latter being an endoplasmic reticulum (ER)-specific marker. In wild-type, at the most superficial bow layer, the nuclei are round-shaped without obvious chromatin condensation. At this stage, the nuclei were encircled by intensely fluorescent ER membrane profiles ( Figure 6A ). In the bow region of Cx46 -/-lens, nuclei are present in a limited amount of rows. Even in the outermost fiber cell layers cytoplasmic organelles were dismantled, particularly the ER membrane compartments ( Figure 6B) . In Cx50 -/-lens, larger fiber cells of the superficial layers are characterized by the permanence of cytoplasmic organelles, particularly KDEL-immunolabeled ER membrane profiles and the nuclear envelope ( Figure 6C ). With the aid of a specific antibody we monitored the lamin A/C degradation, as a marker of the proliferative-quiescent status of the fiber cells (Pugh et al., 1997) . In the wild-type, the denucleation process is characterized by a progressive degradation of lamin A/C, ( Figure 6D ). The fluorescent signal, which is rather intense in the outermost bow region, decreases progressively in deeper regions where only few small fragments of lamin A/C, are detected. In Cx46 -/-lens, the lamin A/C perinuclear profiles are characterized by a weaker fluorescence intensity compared to the wild-type lens (Figures 6E and 6F) . Remarkably, lamin A/C perinuclear profiles are almost completely disrupted in deeper layers. In this region, a number of small clumps are immunolabeled with anti-lamin A/C antibody ( Figure 6F) . In Cx50 -/-lens, the lamin A/C perinuclear fluorescent signal is particularly strong. Thick fluorescent profiles encircled the nuclei even at deep bow regions ( Figure 6G ). The immunocytochemical analysis of cryosections from wild-type and Cx46 -/-lenses, using anti-MP26 antibody shows that this antibody outlines exclusively the fiber cells plasma membrane profiles (Figures 4A-4B) . In Cx50 -/-lens, the larger fiber profiles and the presence of intracellular membranes are shown by using rhodamine-labeled WGA ( Figure  4C ). MP26-labeled Cx50 -/-lens cryosection shows that MP26 outlines the fiber profiles and is condensated along the plasma membrane in fluorescent clumps. Some MP26-positive material is also found in the cell cytoplasm ( Figure 4D) . We compared the ultrastructure of the lens superficial cortical fiber cells (DF) in the three types of mice (Figures 4E -4G) . In wild-type ( Figure 4E ) and in Cx46 -/-DF ( Figure 4F) , cytoplasmic organelles are deleted. Conversely, ER profiles, Golgi stacked cisterns and small mitochondria characterized Cx50 -/-DF ; vesicles and membrane profiles invaginations are present in close proximity to the plasma membrane ( Figure 4G ).
Freeze-fracture (FF) and Fracture-labeling (FL) of wild-type, Cx46 -/-and Cx50 -/-fiber cell membranes In wild-type lens, double FL using antibodies directed against Cx46 and Cx50 shows that both connexins are co-assembled and form junctional plaques and rows of junctional intramembranous particles (IMP, 9 nm diameter), on DF ( Figure 7A) . The junctional domains are encircled by immunogold-labeled MP26 ( Figure 7B) . FL of MF-NF shows that membrane fracture faces are characterized by areas where IMP on PF and the corresponding pits on EF form geometrically packed arrays with a center-to-center spacing of 7-8 nm (lattice organization) ( Figure 7C ). The lattice organization comprises Cx46, Cx50 and MP26 (Figure 7C, inset) . In Cx46 -/-lens, the most impressive aspect of DF membranes is the extension of the junctional domains characterized by randomly distributed 9 nm IMP (Figures 8A and 8B) . MP26 immunogold-labeling forms a rather distinct borderline around the junctional plaques ( Figures 8A and 8B ) MP26 appears in close topographic association with rows and clusters of IMP (9 nm diameter) ( Figure 8B) . Double immunogold labeling of the junctional plaque using anti-Cx50 and anti-MP26 antibodies shows that MP26 not only encircled but expands inside the junctional domain, immunogold-labeled with anti-Cx50 antibody ( Figure 9A) . In this type of DF gap junctions, the IMP are either randomly distributed or hexagonally-packed with a center-to-center distance of 7-8 nm ( Figure 9A) . After filipin treatment, DF membrane fracture faces are characterized by the presence of 20-30 nm protuberances (PF) and grooves (EF) corresponding to filipin-induced lesions (FIL) of the bilayer. FIL are randomly distributed in non-junctional membrane fracture faces and are segregated from the junctional domains void of FIL ( Figure 9B) . The same is the case in wild-type DF junctional plaques (not shown). FF and FL of Cx46 -/-MF show the presence of very extensive areas of geometricallypacked arrays of 7-8 nm repeating subunits in PF and geometrically-assembled pits on EF (Figures 10A and 10B) . FL shows that the geometrical lattice is intensely immunogoldlabeled by antibodies raised against Cx50 and MP26 ( Figure 10B) . In thin sections of embedded MF-NF compartment, long, thin pentalaminar profiles (10-11 nm thick) are observed ( Figure 10C ) likely corresponding to the membrane segments occupied by the geometrical lattice visualized by FF. After filipin treatment of Cx46 -/-MF, FIL are completely segregated from the lattice structures and filled the space between the geometrically-packed arrays of particles and pits ( Figure 10D) . In Cx50 -/-DF, FF splits the plasma membrane in an irregular stepwise fashion and exposes fragmented areas of EF and PF ( Figure 11A) . FL shows that MP26 is randomly distributed without obvious localization encercling the small junctional domains immunogold-labeled by Cx46 antibody. In thin sections of Cx50 -/-DF embedded samples, segments of close aposition of two plasma membranes have an irregular pentalaminar profile with variable thickness (Figure 11B) . Freeze-fracture of filipin-treated DF revealed that FIL are irregularly scattered on the fracture faces of the junctional plaques ( Figure 11C) . In Cx50 -/-MF, FL revealed the presence of areas where 7-8 nm particles on PF and pits on EF, formed a lattice structure (Figure 12) . The lattice organization is segregated from areas where loosely packed 9 nm junctional particles are assembled. This junctional domain is labeled with anti-Cx46 antibody (Figure 12) . The lattice structure, characterized by a prevailing hexagonal arrangement is immunogold-labeled with anti-MP26 antibody (Figure  12, inset) . FF of Cx50 -/-filipin-treated MF-NF, shows that FIL are localized at the interspaces between the lattice structure, presumably where junctional domains have been visualized (Figure 13 ).
DISCUSSION
Changes of the overall organization of Cx46 -/-and Cx50 -/-lens fiber cells Patterns of lens cell organization in vivo correlate with distinct interactions with the ocular media. The anterior region of the lens is bathed with the aqueous, whereas the region below the equator interacts with the vitreous humor. Therefore, epithelial cell growth and fiber cell differentiation are determined by an antero-posterior gradient of growth factors, receptors and signal-regulated pathways (Hyatt and Beebe, 1993; Kawauchi et al., 1999; Lang, 1999; Lovicu and McAvoy, 2005; McAvoy et al., 1999; Menko, 2002) . Lens cell division predominantly occurs in the epithelial region, just above the lens equator (germinative zone), and proceeds at a non-uniform rate. Particularly during the post-natal period the number of mitoses increases remarkably (Gerido et al., 2003; Mathias et al., 1997; Menko, 2002; Shen Lin et al., 1998) . The progeny of cell division migrates close to the equator into the transitional zone where the epithelial cell withdraws from the cell cycle and initiates elongation and differentiation. These processes are accompanied by a considerable increase of lens mass and of the surface-to-volume ratio of the fiber cells (Bassnett and Winzenburger, 2003; Kuszak, 1995; Kuszak, et al.,2004; Mathias et al., 1997) . The differentiation process involves a progressive disruption of fiber cell nuclei and other cytoplasmic organelles with exception of the cytoskeleton and polyribosomes embedded in the water-soluble crystallin matrix (Bassnett, 1995; Bassnett and Mataic, 1997; Bassnett, 2002; Bassnett and Winzenburger, 2003 Benedetti, et al., 1996 , Bloemendal et al., 2004 . The lens comprises fiber cells of different ages in a precise sequence along the anteroposterior and the equatorial axes. Therefore, the morphometric analyses that we carried out could unravel the initiation and progression of the alterations in Cx46, and Cx50 knockout lenses. We demonstrated that Cx46-/-lens is characterized by a post-natal increased density of smaller, stretched, hexagonally-shaped fiber cells. Likely the abrupt degradation of fiber cell organelles, particularly disruption of ER membrane profiles and of the nuclear lamin A/C, reveal the enhanced fiber cell differentiation (Bassnett, 1995 ; Bassnett and Mataic, 1997 ; Bassnett, 2002 ; Winzenburger, 2003 , De Maria and Arruti, 2004; Pugh et al., 1997) . It is tempting to assume that the accelerated process of growth and differentiation in Cx46 -/-lens is driven by the expression of the Cx50 gene. Indeed, in primary cultures of chick lens, Cx45.6, orthologue of the rodent Cx50, stimulated epithelial cell growth, fiber cell differentiation, MP26 and crystallin expression (Gu et al., 2003) . Previous investigations led to the conclusion that the post-natal lens mass deficit in Cx50 -/-mice resulted from the reduction of post-natal cell divisions yielding fewer undamaged fiber cells (Sellito et al., 2004; White et al., 1998; White, 2002 ). The present study shows that the decreased proliferation of the epithelium is not the unique feature that characterized the defective lens organization in Cx50 -/-mice. In the germinative and transitional zones a reduced number of abnormally large fiber cells are found that have adopted round-shaped cross sections. Furthermore, permanence of cytoplasmic organelles, particularly ER compartments and lamin A/C nuclear profiles, indicated that the targeted ablation of the Cx50 gene not only reduced the number of mitotic cells (Sellito et al., 2004) , but operated upon the checkpoint of the epithelial cells to withdraw from the cell cycle and differentiate into fiber cells. Strikingly Cx50 -/-lens has structural features comparable to transgenic mice expressing FGFR3, truncated FGF and misexpression of IGF-1 (Govindarajan and Overbeek, 2001; Robinson et al., 1995; Shirke et al., 2001; Stolen and Griep, 2000) . The common characteristics are microphthalmia associated with decreased number of cell divisions, increased number of nuclei that do not disintegrate and expand preferentially below the equator, delay of fiber cell differentiation and the enlargement of nucleated round-shaped fiber cells. Those morphological resemblances may suggest that Cx50, in parallel to growth factors or receptors, acts upon the control of growth and differentiation of the epithelial cell lineage according to the lens antero-posterior regulatory pattern (Hyatt and Beebe, 1993; Lovicu and McAvoy, 2005) .
Topographic interactions between Cx50, Cx46 and MP26
We further analyzed the ultrastructural and immunocytochemical alterations associated with the modifications of the overall organization of the fiber cells in the two knockout phenotypes revealed by the morphometric study. In previous investigations using FL we demonstrated that during junctional assembly in wildtype lens DF, immunogold-labeled MP26 appeared topographically distributed around the junctional plaques, composed by both Cx46 and Cx50 (Benedetti et al., 2000; Dunia et al., 1998) . We assumed that MP26, acting as an adhesion protein, was instrumental during the junctional assembly. This assumption was further supported by emerging experimental evidence showing that connexin-binding proteins play a role in the guiding of connexins to the site of gap junction assembly between two cells, in the stabilization of the junctional plaque and likely, in signal transduction (Duffy et al., 2002---) . Specifically it has been shown that in differentiating chick lens fiber cells, MP26 (Aquaporin 0) and connexins interact via a molecular link between the MP26 C-terminus and the cytoplasmic loops of connexin 45.6. The Cx56, orthologue of the mouse Cx46, was immunoprecipitated and pulled down only if this connexin isoform was co assembled with the 45.6 (Cx50) (Yu and Jiang, 2004; Yu et al., 2005) . The structural consequence of the specific interaction between M26 and one or the other fiber cell connexins is revealed by the application of FL to the two knockout phenotypes. In Cx46 -/-DF, the large junctional domains comprising Cx50 connexons, have a topographic interaction with MP26 comparable to that of the wild-type DF cells. Conversely in Cx50 -/-DF, the small junctional plaques where Cx46 was recruited, have no obvious topographic interaction with MP26. Immunofluorescence, of lens cryosections with anti-MP26 antibody in Cx50-deficient lens, has shown that MP26 is abnormally accumulated along the plasma membrane or formed membrane profiles in the fiber cell cytoplasm. Ultrastructural alterations of the gap junction pentalaminar profile organization were also detected by thin section analysis. Hence it is tempting to assume that in Cx50 -/-lens, where MP26 expression is comparable to normal lens (White, 2002) , the missing link between MP26 and Cx46, affects junctional assembly and in turn the maintenance of the structural organization of the fiber cells added during the post-natal period. This view is also reinforced by the results of other investigations on mice MP26-deficient or expressing chimerical AQPO-LTR (Al-Ghoul et al., 2003; Shiels et al., 2000) . The alterations of the lens fiber cell organization described in these studies are comparable to the ultrastructural features that we observed in Cx50 -/-lens. The topographic interactions between MP26 and connexins and their packing organization vary progressively in deeper regions of wild-type lens. There, connexins and MP26 undergo age-related cleavage of the cytoplasmic loops and C-termini (Jacobs et al., 2001; Jacobs et al., 2004) . These biochemical changes are associated with the emergency of membrane domains displaying a geometrical assembly of repeating subunits (lattice organization). The lattice organization in wild-type lens fiber membranes was considered to be made exclusively by MP26 (Costello et al., 1992; Dunia et al., 1996) . This view was corroborated by investigations showing that purified MP26 reconstituted in proteoliposomes, assembles in the lipid bilayer forming a lattice structure comparable to that visualized in aged lens fibers (Dunia et al., 1987) . Other in vitro experiments demonstrated that purified MP26 forms bidimensional double-layered lattices of repeating tetragonal oligomers (Fotiadis et al., 2000; Gonen et al., 2004) . The assembly of geometrically packed oligomers is a relevant feature of several aquaporin family members (Schenk et al., 2005) . On the other hand, the ability of connexins to form geometrical lattices of repeating subunits has been also demonstrated by reconstitution experiments of purified connexins. Two-dimensional crystals of a recombinant 30-kDa C-terminal truncation mutant of connexin 43 (Cx43) have been obtained (Unger et al., 1999) . Detergent-solubilized Cx50 and its proteolytic fragment of 38 kDa, have been shown to assemble in vitro forming a lattice structure. Strikingly immunoblot analysis of the reconstituted lattice of Cx50 (38 kDa) also revealed the presence of MP26 (Kistler et al., 1993; , Kistler et al., 1994 , Lampe et al., 1991 . The application of FL showed that in the wild-type MF-NF the lattice organization consists of MP26, Cx46 and Cx50. In Cx46 -/-MF-NF, Cx50 and MP26 form geometrically-packed arrays. Conversely, Cx46 expressed alone in Cx50 -/-lens behaves in a different fashion with MP26. We observed that in MF-NF of Cx50 -/-lens, Cx46 organized in clusters of randomly distributed 9 nm IMP, is segregated from the lattice organization formed by MP26 (7-8 nm IMP). These results show that the packing organization of Cx46 and Cx50 in the lens membrane environment differes when they are co-assembled or expressed separately in the two knockout phenotypes. The electrophysiological analyses have already shown that Cx46 and Cx50 have distinct coupling and gating properties upon co-assembly compared to the functional parameters of one or the other connexin alone (Beahm and Hall, 2002 ; Ebihara et al., 1999 ; Hopperstad et al., 2000 ; Mathias et al., 1997 ; Mathias and Rae, 2004 ). An interesting question concerns the functional involvement of the remodeling of the gap junction packing arrangement and of the emergency of a lattice organization deeper in the lens.
Packing organization of the junctional domain in Cx46 -/-and in Cx50 -/-lens
Electrophysiological investigations have shown that in Cx46-/-DF communication compartments, the values of the coupling conductance were considerably reduced (60-70 %) (Baldo et al., 2001; Gong et al., 1998) . Surprinsingly, the junctional domains in Cx46 -/-DF were remarkably extensive. The discrepancy between the low values of the junctional coupling and the presence of assembled junctional plaques can be explained taking into account that several comparative structural and electrophysiological experiments have shown that the values of junctional conductance could be disproportionably small in respect to the number and extension of junctional plaques (Kawauchi et al., 1999; Le and Musil, 2001; Mathias et al., 1997) . The efficiency of the junctional coupling correlates more with the packing organization of the connexons, rather than the number and extension of the junctional plaques (Sosinsky, 1996) . Indeed, we observed that the large junctional plaques in Cx46 -/-DF were characterized by the presence of areas of geometrically-packed connexons. This type of organization has been correlated to the uncoupling state of the communicating pathway (Peracchia, 1977; Peracchia et al., 2000) . This assumption is further supported by the demonstration that in the MF communication compartments where the junctional coupling was brought to zero (Baldo et al., 2001; Gong et al., 1998) , the gap junctional domains were replaced by very extensive areas of geometrical arrays of particles forming a lattice structure. FL demonstrated that the geometrical arrays of particles comprise Cx50 and MP26. Immunoblot experiments of Cx46-/-DF and MF isolated membranes, showed that Cx50 and MP26 were proteolytically degraded. All these data suggest that in Cx46 -/-lens the impairment of cell-cell communication is the consequence of the accelerated proteolytic degradation of Cx50 and MP26 and the remodeling of the specialized membrane domains into a lattice organization unable to insure junctional coupling. In Cx50 -/-DF and MF compartments, electrophysiological and tracer experiments have shown a minor reduction of the junctional and metabolic coupling (White et al., 1998) . The permanence of junctional coupling likely correlates with junctional domains formed by Cx46 connexons that appear non-geometrically packed. In parallel, western blot analysis of DF and MF membrane fractions revealed a minor degree of proteolysis of Cx46 and MP26 compared to wild-type. Even at deeper MF-NF regions, Cx46 junctional plaques are present, being segregated from the lattice structure. We may anticipate that Cx46 homomeric, homotypic connexons insure the junctional coupling preventing severe lens opacification.
Lipid and Connexin interactions
Using filipin cytochemistry and freeze-fracture, we tried to determine whether the junctional remodeling observed in the two knockout phenotypes is associated with a distribution of Cx46 and Cx50 in distinct lipid membrane domains.
The polyene antibiotic filipin is though to specifically bind to sterols in the membranes. This interaction becomes visible in the freeze-fracture faces of the membrane lipid bilayer as bumps and grooves of about 25 nm-diameter. The filipin-induced lesions (FIL) are the putative markers for the presence of sterol-rich membrane domains (Severs, 1981) . However there are several examples of membranes that comprise cholesterol-rich domains, where FIL are not apparent (Severs, 1981) . That is the case of gap junctions which contain a higher cholesterol and sphingomyelin content than the total membrane fractions (Alcala et al., 1982; Borchman et al., 2004; Henderson et al., 1979; Van Marle and Vrensen, 2000) . This discrepancy can be explained taking into account that FIL are not apparent in membrane domains where the molar concentration of cholesterol is higher than the local concentration of filipin. Furthermore, high concentration of sphingomyelin may also compete with filipincholesterol interactions and as a consequence prevent FIL (Behnke et al., 1984a; Behnke et al., 1984b) . When filipin cytochemistry is applied to wild-type lens it appears that FIL are excluded from the junctional domains and from the lattice organization of repeating subunits found in the lenticular nuclear membranes. In Cx46 -/-lens where Cx50 is recruited alone, FIL are also excluded from the junctional plaques (DF) and lattice domains (MF-NF). Conversely, in Cx50 -/-lens, where the junctional domains comprise Cx46 connexons, FIL are not segregated from the junctional plaques. The experiments of Cx46 and Cx50 expression in heterologous systems show that when these two isoforms are co-expressed they are both addressed to a Triton-insoluble membrane fraction. In contrast, when they are expressed separately, only Cx46, but not Cx50, is selectively recruited in the Triton-insoluble membrane fraction (Locke et al., 2005; Schubert et al., 2002) . This experimental evidence gives support to our conclusion that the two connexin isoforms expressed separately are targeted to lipid domains characterized by a distinct type of filipin-lipid interaction.
Concluding Remarks
This study provides novel structural and immunocytochemical information showing that lens fiber Cx46 and Cx50 have the potential to interact with each other and in turn to acquire specific associations with protein partners and distinct lipid domains. The assembly and remodeling of the packing organization of the junctional domains during differentiation, aging and cataractogenesis, reflect a dynamic interplay between Cx46, Cx50 and MP26 in parallel to substantial post-translational events. The morphometric and immunocytochemical alterations unraveled in the two knockout phenotypes are likely the consequence of the targeted deletion of one or the other connexin, but also of the misfunction of the connexin isoform that is expressed alone. In Cx46 -/-lens the failure of Cx50 to provide appropriated coupling and gating functions generates a severe ionic unbalance that results in accelerated proteolysis and a packing organization of the membrane constituents unable to insure lens homeostasis. In Cx50 -/-lens the alterations of the overall fiber cell organization are due to the deletion of Cx50 but also of the incompetence of Cx46 to interact with MP26. -Dunia, I., Manenti, S., Rousselet, A., Benedetti, E. L. 1987. Electron microscopic observations of reconstituted proteoliposomes with the purified major intrinsic membrane protein of eye lens fibers. J Cell Biol. 105,1679-1689.
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TABLE 5
Comparison between the estimated total number of fiber cells in wild-type and Cx50 -/-mouse lens in 3 concentric zones of the lens from the superficial layers, to the bulk of the lens mass and the central volume. PO represents post-natal day zero that corresponds to the same number of cells for Cx50 -/-and wild-type lens. The ranged values are 23,000 and 8,000 for the superficial layers, 57,000 and 27,000 for the median layer of wildtype and Cx50 -/-mice lens, respectively. The total post-natal cell addition corresponds to 80,000 fiber cells in the wild-type versus 35,000 for Cx50 -/-mouse lens. The systematic calculation error is about 10 %. This calculation could not be carried out in the Cx46 -/-lens, because of the presence of nuclear cataract. Table 5 Comparaison between the estimated total number of fiber cells in wild type and Cx50 -/-mice lens.
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Figure 1
Diagram representing sagital, frontal cross-sections of the lens (upper and middle pannels respectively) and eleven surface sectors used to calculate morphological characteristics and lengths of superficial fiber cells (lower pannels In A : wild-type and in B: Cx46 -/-lenses, both immunostained with anti-MP26. In C and D : Cx50 -/-DF cross-sections stained with rhodamine-labeled WGA and with anti-MP26 antibody, respectively. In D, arrows point to accumulation of MP26 along the plasma membrane profiles. Bars = 10 µm E -G :Electron microscopic observations on thin sections of DF outer cortical region. E : Wild-type, F : Cx46 -/-and G : Cx50 -/-lenses.
Bars = 4 µm
Figure 5
Cross sections of Cx46 -/-(A) and Cx50 -/-lenses (B). The lens equator has been aligned to the ciliary body (arrow). Note that the Cx46 -/-lens bow zone (in A) is characterized by a few arrays of nuclei, equally spread above and below the lens equator. In the smaller Cx50 -/-lens (in B) the bow zone is largely expanded below the equator. FL of DF and MF-NF from wild-type lens. A : Double immunolabeling of DF junctional plaque using anti-Cx46 (15 nm gold particles) and anti-Cx50 (10 nm gold particles) antibodies. Arrows point to groups of small clusters of 9 nm IMP, labeled by the two anticonnexin antibodies. Junctional EF (JEF). Bar = 75 nm B :FL of DF junctional plaque using anti-MP26 (10 nm gold particles) antibody. The gold particles circumscribe the junctional plaque. Junctional EF (JEF). Bar = 65 nm C : FL of MF-NF. Double immunolabeling using anti-Cx46 (15 nm gold particles) and anti-Cx50 (10 nm gold particles) antibodies, showing a large area where 7-8 nm particles on PF (LPF) and pits on EF (LEF) form geometrically-packed arrays (lattice domain). Note that in some other areas (JPF) IMP of 9 nm-diameter, are randonmly distributed. Bar = 50 nm Inset: The lattice domain was immunolabeled using anti-MP26 (10 nm gold particles) antibody. Bar = 40 nm A : FL of DF from Cx46 -/-lens. Double immunolabeling using anti-Cx50 (10 nm gold particles) and anti-MP26 (15 nm gold particles). Immunogold-labeled MP26 is distributed around the junctional plaque but also appear co-distributed with immunogold-labeled Cx50 in the junctional domain (JPF). This junctional plaque displays either randomly distributed 9 nm IMP (outlined in a rectangle), or geometrically-packed arrays of particles center-to-center distance of 7-8 nm. FL of Cx50 -/-MF-NF. The junctional domain (JPF and JEF) is characterized by randomly assembled 9 nm IMP immunogold-labeled by anti-Cx46 antibody (outlined in the circle). The junctional domain is excluded from the geometrical lattice of repeating subunits (7-8 nm diameter) on PF (LPF) and pits on EF (LEF). In the inset, at the upper left corner, is shown that the lattice domain is immunogold-labeled by anti-MP26 antibody. In the inset, at the low left corner, is shown the computer-generated optical diffraction pattern of the lattice domain outlined in a square. This pattern shows a prevailing hexagonal symmetry. Bar = 50 nm
Figure 13
FF of Cx50 -/-MF-NF treated with filipin. The FIL are localized in membrane areas (arrows) excluded from the lattice domain (LEF). Bar = 75 nm
